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Atmospheric channels are a promising candidate to establish secure quantum communication on
a global scale. However, due to their turbulent nature, it is crucial to understand the impact of the
atmosphere on the quantum properties of light and examine it experimentally. In this paper, we
introduce a method to probe atmospheric free-space links with quantum light on a laboratory scale.
In contrast to previous works, our method models arbitrary intensity losses caused by turbulence to
emulate general atmospheric conditions. This allows us to characterize turbulent quantum channels
in a well-controlled manner. To implement this technique, we perform a series of measurements with
different constant attenuations and simulate the fluctuating losses by combining the obtained data.
We directly test the proposed method with an on-chip source of nonclassical light and a time-bin-
multiplexed detection system. With the obtained data, we characterize the nonclassicality of the
generated states for different atmospheric noise models and analyze a post-selection protocol. This
general technique in atmospheric quantum optics allows for studying turbulent quantum channels
and predicting their properties for future applications.
I. INTRODUCTION
Driven by the goal of establishing quantum key dis-
tribution in global communication networks, the field of
atmospheric quantum optics has turned into a rapidly
developing and growing research area over the last
years. Starting from the successful implementations
of ground-to-ground atmospheric links [1–7], small-scale
experiments [8–11] further demonstrated the feasibility
of ground-satellite communication with quantum light.
Only recently, the first experiments with an actual satel-
lite node have been reported [12–16].
Due to temporal and spatial variations of the optical
properties of the atmosphere, caused by atmospheric tur-
bulent flows, the transmittance of such links itself varies
in a turbulent manner. In order to understand the behav-
ior of nonclassical light propagating through atmospheric
links, it is important to perceive a profound understand-
ing of these channels. A first quantum description of fluc-
tuating atmospheric losses has been introduced in Ref.
[17]. On this basis, advanced fluctuation loss models
have been studied [18, 19], which have been proven to
accurately describe experiments [19, 20].
Besides a proper understanding of fluctuating free-
space links, another vital aspect is to gain a profound
knowledge on the action of such channels on the quan-
tum states of light and its nonclassical properties as they
offer the resource for the transmission of quantum infor-
mation. In particular, this implies to answer the follow-
ing questions. Which quantum states and nonclassical
properties are robust against atmospheric fluctuations?
Under which conditions can the quantum effects be pre-
served? Answering these questions will provide the basis
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for a successful implementation, optimization, and de-
velopment of quantum information applications in atmo-
sphere links, such as quantum key distribution.
However, the uncontrollable character of turbulence
itself prevents one from answering these questions in a
simple way. Specific scenarios and effects have been ad-
dressed in theory, such as entangled Gaussian states [21],
particular non-Gaussian states [22, 23], the influence on
the photon statistics [24, 25], or violation of Bell inequal-
ities [26, 27]. A step towards a more general treatment
has been taken in Ref. [28], where entanglement condi-
tions for the important class of two-mode Gaussian states
in fluctuating loss channels have been derived. This
approach has been further extended to test for general
nonclassical effects that also apply to multimode, non-
Gaussian states [29].
An alternative to theoretical investigations of quan-
tum states in free-space applications is given by perform-
ing laboratory experiments in which fluctuating losses
are artificially introduced. For this purpose, the atmo-
spheric channels need to be properly emulated in lab-
oratory environments in order to create realistic free-
space losses. Possible implementations that have been ex-
ploited are turbulence cells consisting of air guns [30, 31]
or simulations of an atmospheric link by varying a lens
position [32]. Alternatively, one can use phase screens
[33, 34]. The latter introduces random phase noise which
can mimic the influence of weak turbulence and affects
the spatial mode structure of the propagating light field.
Such disturbances are of great importance for applica-
tions using the orbital angular momentum degree of free-
dom of light; see, e.g., [35, 36]. Note that in those scenar-
ios, the atmospheric noise can be transformed into loss
[37, 38]. This phase noise influences the spatial mode
structure, for example, different orbital angular momen-
tum modes, and may lead to losses in a particular spatial
mode due to scattering into other modes. Here, we fo-
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2cus on amplitude fluctuations, due to the atmospheric ef-
fects of beam wandering, beam shape deformation, beam-
broadening, etc., which are the predominant effects of at-
mospheric losses in most experimental setups [1–15] and
which also partially originate from light scattering. Yet,
they can be completely described as random losses in a
single optical mode propagating in a lossy, linear medium
[17]. This also applies to scenarios which do not employ
the spatial degrees of freedom of the propagating light
field. The corresponding theory of these atmospheric
fluctuating losses has been introduced in Refs. [17–19]. It
is also worth mentioning that atmospheric phase fluctua-
tions and wave front distortions can be circumvented via
polarization multiplexing of a local oscillator beam and
homodyne measurement; see, e.g., Ref. [7]. Therefore,
we focus on fluctuating intensity losses and demonstrate
how they can be simulated in a controlled manner.
In order to reliably explore such atmospheric quantum
channels on a laboratory scale, one needs to have con-
trol over the random losses. Therefore, it is necessary
to apply the fluctuations of the transmittance in a well-
defined fashion, which allows one to implement the prob-
ability distribution of the atmospheric transmittance, for
example, the models in Refs. [17–19]. Afterwards, im-
portant aspects can be addressed, such as finding optimal
quantum states, evaluating detection methods, identify-
ing limitations in the performance, estimating the achiev-
able quantum bit rate, and others.
In this paper, we develop theoretical tools and exper-
imentally demonstrate the simulation of arbitrary free-
space channels with intensity fluctuations. We use mea-
surements at different fixed attenuation levels which al-
lows us to use a post-processing approach to weight and
merge the obtained data to analyze the sought-after at-
mospheric model. This is possible as the combined data
corresponds to a density operator which is estimated by
an ensemble average. As such, it is irrelevant if the data
sets were indeed taken with a fluctuating loss or mea-
sured in an ordered fashion and merged afterwards. As
our source of nonclassical light, we utilize an on-chip-
integrated down-conversion source [39], which is advan-
tageous for satellite based quantum communication be-
cause of its small size and low weight. We realize mea-
surements for 100 different attenuation levels and de-
tect the quantum light with a time-multiplexed detector
(TMD) system. This employs highly efficient supercon-
ducting nano-wire detectors. From the recorded click-
statistics, we infer the reference nonclassicality for the
individual attenuation levels. Then, we merge the differ-
ent data sets according to different atmospheric models
and directly infer the nonclassicality from the obtained
click-counting statistics. This post-processing approach
allows us to introduce the fluctuating losses in a con-
trolled manner without the need of introducing actual
experimental noise which might also affect the experi-
ment in an undesired way.
The paper is structured as follows. In Sec. II, we
discuss fluctuating atmospheric channel losses and intro-
duce a discretization procedure for the distribution of
the transmittance. Our experimental setup is described
in Sec. III. In Sec. IV, we study nonclassicality criteria
for click-counting data and the influence of constant loss
on the measured light. In Sec. V, applications of our
channel simulations are analyzed. Finally, we summarize
and conclude in Sec. VI.
II. SIMULATING ATMOSPHERIC LOSSES
In this section, we establish the procedure with which
fluctuating free-space losses are simulated by measure-
ments with fixed transmittance. Therefore, we firstly
recall the model of the fluctuating free-space channels.
Secondly, we introduce the discretization of the corre-
sponding probability distribution of the transmittance
and show how it can be applied to measured data.
A. Models for fluctuating loss channels
The atmosphere acts as a turbulent propagation
medium for radiation fields. Especially, the refractive in-
dex of air changes randomly due to turbulent flows that
cause temporal and spatial variations of the atmospheric
properties, such as temperature and pressure. Therefore,
the transmitted light signal is degraded by effects like
beam broadening, wandering, deformation, and others.
Besides these random variations in the atmosphere, one
additionally has to account for loss caused by the finite
aperture size at a receiver stage. Combining these two
effects results in a fluctuating loss channel.
A quantum description of such fluctuating atmospheric
channels has been introduced in Ref. [17]. Because of
fluctuating losses, the transmittance of the channel is
not constant, but follows a probability distribution of
the transmittance (PDT), which completely character-
izes the free-space communication link. The action of at-
mospheric channels on a quantum state can be described
in terms of the Glauber-Sudarshan P function [44, 45].
That is, the phase-space representation of the input state,
Pin, is mapped onto the output function, Pout, which is
described by the integral transformation
Pout(α) =
1∫
0
dηP(η) 1
η
Pin
( α√
η
)
, (1)
where P(η) is the PDT and η is the intensity trans-
mittance. For different atmospheric conditions, different
PDTs have been derived in Ref. [18] and Ref. [19] for
weak and strong turbulence, respectively. It is impor-
tant to notice that those loss models agree very well with
experimental data [19, 20].
3B. Simulating atmospheric channels via
discretization
As shown above, each atmospheric channel can be fully
characterized by its PDT. The PDT is in general a con-
tinuous probability density, defined on the domain [0, 1]
for the transmissivities η. However, in order to obtain
the PDT from experiments, the transmittance is mea-
sured with a certain binning [7, 20] or it can be recovered
from discrete single-photon click events [4]. Therefore, in
many experimental scenarios one rather deals with a dis-
cretized version of PDT than with the continuous one.
This fact motivates us to use separate measurements
with fixed transmittance and a subsequent weighting of
data in order to obtain a fluctuating-loss channel. For-
mally, this approach corresponds to a discretization of
the PDT P(η). The probability mass function P˜(Y ) of
the discrete random variable Y can be given as
P˜(Y = ηk) = P(ηk)
 n∑
j=0
P(ηj)
−1 . (2)
This means that the PDT is evaluated on a sufficiently
dense and finite subset of equidistant supporting points
ηk = k/n (for k = 0, . . . , n) in the interval [0, 1]. For de-
tails on this type of discretization and other possibilities,
we refer to the review in Ref. [46]. Note that we will
label all discrete probability mass functions with a tilde
(P˜) in the further course of this paper.
If one uses such a discretization, it is important to
assess its quality, i.e., to quantify how well the discretized
version is consistent with the original distribution. One
way of evaluating the quality of the discretization is by
comparing the moments (moments of the transmittance)
of the discretized distribution with the original one. We
will apply this particular approach in this paper.
With the discretized PTD, we can weight the sepa-
rate constant-loss measurements according to P˜(Y ). We
denote the different measurement sets by xj , where j in-
dicates the transmittance ηj . Then, we obtain the data
set including the simulated atmospheric losses by
xatm. =
n∑
j=0
P˜(ηj)xj . (3)
In order to guarantee the validity of this approach, each
individual measurement run has to be comparable in the
sense that all parameters are equal (e.g., same optical de-
vices, equal measurement time, or equal number of rep-
etitions) except for the transmittance of the channel.
Note that such an approach is possible as the obtained
data correspond to a density operator, which is experi-
mentally estimated by an ensemble average. In the case
of an atmospheric channel, this includes the average over
different attenuations. Therefore, it is irrelevant if either
the data sets are indeed taken in a fluctuating fashion or
are constructed from a sufficiently large set of measure-
ments with fixed attenuations. In particular, in the case
of pulsed light, each individual pulse of the experiment
suffers from a fixed attenuation and the fluctuating char-
acter arises only from the ensemble average. Hence, the
measurement of pulses itself is already an averaging of
discrete measurement outcomes of the form in Eq. (3).
III. EXPERIMENTAL SETUP
power
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FIG. 1. (Color online) Experimental setup. We employ the
dual-path down-conversion source [39] as a nonclassical light
source. To simulate the effect of atmospheric noise, the light
undergoes 100 different attenuation levels, realized with a
combination of half-wave plate and polarizing beam splitter.
Finally, the states impinge on an eight-bin time-multiplexed
detector (TMD) and are recorded by superconducting nano-
wire single-photon detectors (SNSPDs). As a classical ref-
erence, we use attenuated laser pulses from a 1550 nm laser
diode.
The experimental implementation is outlined in Fig.
1. To simulate the effect of atmospheric fluctuating
losses on nonclassical states, we use a dual-path down-
conversion source which has been characterized in Ref.
[39]. The source emits two identical uncorrelated single-
mode squeezed light fields with a broad frequency spec-
trum
|ζ〉 ⊗ |eipiζ〉 =
[
Sˆ ⊗ Sˆ†
]
|0〉 ⊗ |0〉, with (4)
Sˆ= exp
[
− iB
~
∫ ωmax
ωmin
dωdω
′ (
f(ω, ω
′
)aˆ†(ω)aˆ†(ω
′
)+h.c.
)]
where
∫ ωmax
ωmin
dωdω
′
denotes the integration over the fre-
quency band that impinges on the detectors and aˆ†(ω)⊗1ˆ
and 1ˆ⊗ aˆ†(ω) represent the creation operators in waveg-
uide 1 and 2, respectively, of the dual-path source at
frequency ω. We describe the strength of the squeezing
operation in terms of the optical gain B. In terms of pho-
ton number statistics (pn) this means that the state in
one mode fulfills pn = 0 for odd n and pn > 0 for even n.
4Although we record both spatial modes with the TMD,
we restrict ourselves to one of the modes for the simula-
tion of atmospheric turbulences, since the states in both
spatial modes are identical and show the same behavior.
Yet, let us mention that our approach is not restricted to
single-mode states of light.
It is also worth mentioning that our integrated source
has tremendous advantages for satellite communication.
It is small, light, relatively cheap, and inherently stable
due to the waveguide geometry. Additionally, it can be
easily integrated into a fiber-based network.
To operate our source, we pump it with picosecond
laser pulses from a Ti:sapphire laser at λp ≈ 758 nm
that undergo a power and polarization control. After the
source, the generated photon pairs are cleaned from the
pump and unwanted background in the telecom regime.
To emulate the noise effects of the atmosphere, we imple-
ment our previously proposed method and measure the
transmitted quantum state for n = 100 different atten-
uation levels η in both arms of the source. We achieve
this via a variable half-wave plate and a polarizing beam
splitter. At full transmission of this attenuation stage,
we find a detection efficiency of the overall setup to be
approximately 22%. After the attenuation, the quantum
states are detected with a detection system that consists
of an eight-bin (N = 8) time-multiplexing network [40–
43] and two superconducting nano-wire detectors. We
choose the power of the pump field such that we record
on average 2.7 clicks per pulse at a full transmission of
the attenuation stage, η = 1. Thus, we are operating in
the few-photon regime, which is of particular interest for
free-space experiments; see, e.g., Refs. [1–6, 12–14].
Moreover, to compare the effects of noise on nonclas-
sical states with a classical reference, we couple a pulsed
diode laser at 1550 nm (32 ps pulse duration, 100 kHz
repetition rate) through the setup. Analogously to the
quantum case, we record the attenuated classical photon
statistics of the produced coherent state for 100 different
attenuation levels.
IV. NONCLASSICALITY CRITERIA AND
CONSTANT LOSS MEASUREMENTS
In this section, we explain the used nonclassicality
criteria and apply them to the measured click-counting
data. First, we recall how one can test for nonclassical-
ity directly from the click-counting statistics. Second,
we will investigate the behavior of the nonclassical light
recorded for the case of constant attenuations.
A. Click-counting nonclassicality criteria
In order to determine the nonclassical character of the
light propagating through an atmospheric channel, we
use criteria based on the measured click-counting statis-
tics [48–50]. Note that detection schemes at the single-
photon level recently have been demonstrated to be ap-
plicable for free-space links even at bright daylight [47].
In our experiment, we measure the light with a TMD
with N = 8 time bins from which we directly obtain the
click statistics. Such a system is described by a click-
counting probability ck, with k indicating the number
of clicks (0 ≤ k ≤ N). The normalized click-counting
statistics resulting from such a measurement follows the
quantum version of a binomial distribution [48–50],
ck =〈:
(
N
k
)
mˆN−k(1ˆ− mˆ)k:〉, (5)
where : · : indicates the normal-ordering prescription.
The normally ordered expectation value of the operator
mˆ = exp{−Γˆ(nˆ)} yields the no-click probabilities, where
Γˆ and nˆ denote the detector-response function and the
photon-number operator, respectively.
We directly use the recorded click-counting statistics in
order to identify quantum features of the detected light.
It has been shown that the matrix of moments M (K) is
non-negative for any classical light field [50],
0 ≤M (K)=(〈:mˆs+t:〉)(s,t), (6)
with s, t = 0, . . . ,K/2 ≤ N/2 for even K and N . The
superscript (K) defines the highest moment within the
matrix M . Its simplest form is given by moments up to
the second order
M (2) =
(
1 〈:mˆ:〉
〈:mˆ:〉 〈:mˆ2:〉
)
. (7)
If the matrix M (K) is not positive semidefinite, the de-
tected light field is nonclassical. As we can directly
sample the required moments from the measured data
[50], we do not have to perform an additional data post-
processing which is the inherent strength of the method.
B. Constant losses
We start our data analysis of the measured click data
with fixed attenuations. This analysis will serve as a ref-
erence for the eventual case of simulated fluctuating loss.
In order to test for nonclassical effects with the matrix
of moments (6), one needs to choose which moments one
wants to consider. We have already mentioned the sim-
plest possible matrix of moments in Eq. (7) for K = 2.
Yet we can use moments up to the eighth order, defining
the 5 × 5 matrix M (8) in Eq. (6), because we use an
N = 8 bin TMD. In order to identify that the matrices
are not positive semidefinite, i.e., they show nonclassical
features, it is sufficient to show that they have at least
one negative eigenvalue [51]. Hence, we consider the min-
imal eigenvalues e(2) and e(8) of the matrices of moments
M (2) and M (8), respectively. We stress that for classi-
cal light, the constraint (6) applies, which is identical to
e(K) ≥ 0.
5In order to ensure that our setup does not introduce
fake nonclassical effects, we first consider the classical
coherent-state reference signal. The used reference sig-
nal has an intensity of less than one photon per pulse. For
all realized attenuations, the minimal eigenvalues e(8) of
the classical signal are consistent with zero within the
error bar as it can be observed in Fig. 2. This is the
expected result for a coherent-state reference [50], and
we can conclude that our detection scheme works appro-
priately and does not herald false nonclassicality. Note
that a similar measurement with varying intensities has
been recently applied to accurately calibrate the used
detection device [52], which additionally determines the
quantum efficiency.
FIG. 2. (Color online) The minimal eigenvalue e(8) of the clas-
sical coherent-state reference for different attenuation levels η.
As the eigenvalue is consistent with zero for all measurements,
our detection scheme works as expected. Due to the fact that
the no-click events increase with decreasing η, the errors of
the eigenvalue also increase.
Let us now consider the results for the non-classical
light from the on-chip source. In Fig. 3, we plot the
minimal eigenvalues and their errors bars depending on
the constant attenuation η. The upper plot corresponds
to the second-order matrix M (2) from Eq. (7) and the
lower plot shows the results for the eighth-order matrix
M (8). For both, we directly obtain the confirmation that
our source emits nonclassical light, as both show clear
negativities for η ≈ 1. Let us emphasize that even with-
out the additional attenuation the overall efficiency is
given by the detection efficiency of 22%.
Furthermore, we obtain negative eigenvalues for all
measured transmissivities for the nonclassical light in
Fig. 3. However, not for all values of attenuation can
we verify the nonclassicality with high significance when
considering the error margin. For e(2) and e(8) we can
determine the nonclassical character with at least three
standard deviations for η & 0.34 and 0.18, respectively.
In this sense, the matrix M (8) and its corresponding
minimal eigenvalue e(8) are more sensitive to the quan-
tum features. This by itself is an interesting result as
it demonstrates that by taking into account higher-order
moments, the sensitivity of nonclassicality detection can
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FIG. 3. (Color online) Minimal eigenvalues e(K) for the
second-order [panel (a), K = 2] and eighth order [panel (b),
K = 8] matrix of moments. In both cases, we observe non-
classicality with a high significance for a large range of atten-
uation parameters η > 0.
be perceptibly improved. Note, a similar behavior can
be found for any other e(K) with K < N = 8. There-
fore, we will solely apply the matrix M (8) and its minimal
eigenvalue e(8) in the further course of this paper.
V. APPLICATION: SIMULATION OF
DIFFERENT FLUCTUATING LOSS CHANNELS
Using the tools introduced so far, we can study any
fluctuating-loss scenario described by a PDT. In the
scope of this paper, we restrict ourselves to the simu-
lation of two realistic atmospheric channels. In addition,
to underline that our approach works for arbitrary fluc-
tuating loss scenarios, we apply the method to a family of
two-parameter probability mass functions at the end of
this section. This shows that our method can treat any
fluctuating-loss scenario, especially new theoretical mod-
els or experimental conditions can be directly tested in
this way. Hence, the versatility and general applicability
of the method are demonstrated.
A. Strong turbulence: Log-normal model
As the first example, we investigate the influence of
strong atmospheric turbulence, which can be approxi-
mately described by the log-normal distribution. How-
6ever, it overestimates the high-transmission behavior,
which is more correctly described in Ref. [19]. The log-
normal model was used, e.g., in Refs. [4, 24, 25]. The
corresponding PDT reads
PLN(η) = 1
ησ
√
2pi
exp
−(ln η − µ)2
2σ2
, (8)
which is characterized by the location parameter µ ∈ R
and scale parameter σ > 0, which determine the mo-
ments of the distribution 〈ηs〉 = exp(sµ + s2σ2/2). In
the following, we consider the specific case µ = −1.75
and σ2 = 0.55 [19].
From Eq. (8), we get a discretized distribution P˜ ac-
cording to Eq. (2). The resulting probability mass func-
tion P˜LN(η) is displayed in Fig. 4 for our 100 supporting
points. In order to assess the quality of the discretiza-
tion, we compare the moments of P˜LN(η) with the mo-
ments of the original PLN(η). For the first three moments
of the transmittance, i.e., its mean, variance, and skew-
ness, we find relative errors of 0.6×10−3, 2.1×10−3, and
4.7×10−3, respectively. This demonstrates the high qual-
ity of the discretization and justifies the effort to collect
and analyze the data for the large number of different
attenuations. According to this distribution, we create
the resulting atmospheric click statistics using Eq. (3).
FIG. 4. (Color online) Discretization of the log-normal distri-
bution (8).
The data evaluation for our generated nonclassical
state is performed first. In particular, we can immedi-
ately test if the nonclassical character can be still ob-
served for the turbulence model under study. Therefore,
we use the violation of the classicality condition (6) where
the moments mˆl are replaced with the atmospheric sam-
pling formula
mˆlatm =
n∑
j=0
P˜(ηj)
N−l∑
k=0
(
N−k
l
)(
N
l
) ck(ηj), (9)
with ck(ηj) [see Eq. (5) and Ref. [50]] being the click
statistics recorded under the attenuation ηj . According
to this replacement, we use the matrix M
(8)
atm, and we
calculate its minimal eigenvalue and find e
(8)
atm = (2.34±
0.05)× 10−2, which is clearly positive. Hence, we cannot
identify the nonclassicality anymore.
This is an unexpected result as we obtain negative val-
ues for e
(8)
atm for all fixed attenuations; see Fig. 3. There-
fore, one might suspect that a weighted combination of
the constant losses [see Eq. (3)] would also yield a nega-
tive eigenvalue e
(8)
atm < 0. The fact that we cannot observe
nonclassicality highlights that such atmospheric losses
show a non-trivial behavior and need to be investigated
with care under controlled conditions before one performs
expensive experiments in open-air test sites. Particularly,
fluctuating loss channels cannot simply be approximated
by a constant loss channel with the same mean transmit-
tance. Otherwise, we could indeed verify nonclassicality
for this case. In fact, the action of the fluctuating loss
yields a statistical mixture of the input state [see Eq. (1)],
which might have lost all the nonclassical features of the
original nonclassical input state.
As we do not obtain nonclassical behavior of the de-
tected light with atmospheric noise, we need to find a way
to retain the possibility for secure communication with
such a quantum resource. One possibility to achieve this
is to use the post-selection protocol [7] which has been
proposed in Ref. [18]. This protocol consists of a mon-
itoring of the atmosphere and considering only events
for which the transmittance is above a certain thresh-
old value ηPS. The results for the application of this
post-selection protocol are depicted in Fig. 5. We plot
the minimal eigenvalues e
(8)
atm for different post-selection
threshold values ηPS. For ηPS & 0.59, we regain the non-
classical character with significances of more than three
standard deviations. This shows the versatility of our
simulation approach not only for the simulation of atmo-
spheric channel data, but also for the determination of
possible post-processing protocol parameters.
FIG. 5. (Color online) The minimal eigenvalue of the sim-
ulated atmospheric matrix of moments e
(8)
atm is plotted as a
function of the post-selection cutoff transmittance ηPS. The
minimal eigenvalue decreases for increasing ηPS. For values
ηPS > 0.59, we verify the nonclassical behavior of the detected
light.
7B. Beam wandering: Log-negative Weibull
distribution
As a second example, we study the influences of atmo-
spheric beam wandering on the quantum features of the
light from our nonclassical light source. Beam wandering
is the dominating effect in weakly turbulent channels [18].
Due to the atmospheric turbulence, the beam is wander-
ing across the receiver aperture plane causing fluctua-
tions in the transmittance. The corresponding PDT for
a single, spatial mode is consistent with a log-negative
Weibull distribution [18, 20].
In the following, we analyze the transfer of the non-
classical light depending on the turbulence strength of
such a channel. The strength of the turbulence is de-
termined by the Rytov parameter σ2R. A value σ
2
R = 0
corresponds to a non-turbulent scenario, weak turbulence
is characterized by 0 < σ2R < 1, and for σ
2
R ≈ 1 . . . 10,
we obtain moderate turbulence. For our analysis, we use
the same parameters as for a 1.6-km-long channel [19].
As discussed before, we discretize the PDT in order to
apply it to our measured data. The relative errors of this
discretization in the first three moments of the transmit-
tance are 0.75%, 1.48%, and 2.20%.
FIG. 6. (Color online) The plot shows the dependence of
the nonclassicality test, e
(8)
atm < 0, on the turbulence strength
determined by the value of the Rytov parameter σ2R. Non-
classicality is significantly preserved for σ2R . 1.
We weight the measured data according to the beam
wandering PDT for different strengths of the Rytov pa-
rameter σ2R. Figure 6 summarizes the result of this anal-
ysis. We obtained the minimal eigenvalues e
(8)
atm from the
click statistics which is subjected to different strengths of
beam wandering. We find that the nonclassicality can be
preserved up to a turbulence strength of σ2R ≈ 1. Hence,
the nonclassicality of our generated states vanishes for
moderate turbulence strengths. With this type of analy-
sis, we have shown that we can simulate the influence of
atmospheric turbulence conditions for a full-scale atmo-
spheric transmission setup in the laboratory and retain
the tolerable strength of turbulence for a given quantum
state in free-space links.
C. General test: Beta-binomial distributions
Finally, we explore how our method performs for PDTs
following arbitrary probability functions. As a general
example, we consider a family of probability distribu-
tions, the beta-binomial distributions, which are in our
case defined as
P˜BB(ηk|n, α, β) =
(
n
ηkn
)
B(ηkn+ α, n− ηkn+ β)
B(α, β)
,
(10)
where B(a, b) = Γ(a)Γ(b)/Γ(a + b) is the beta distribu-
tion [Γ(x) is the Γ function] and ηk = k/n denotes the
value of discrete transmittance with k=0, . . . , n. The
beta-binomial distribution is a binomial distribution in
which the success probability for each trial follows the
beta distribution in a random fashion. We also empha-
size that the distribution P˜BB(η|n, α, β) is already dis-
crete and is determined by the three positive parame-
ters n, α, and β. In our case, we have n = 100, since
we measured 100 separate attenuation levels and vary
the two parameters α and β to cover a whole family
of different probability distributions. For the distribu-
tion (10), the mean is nα/(α+β) and the variance reads
nαβ(α+β+n)/[(α+β)2(α+β+1)], which allows one to
uniquely relate the parameters α and β to the first and
second moments of the transmissivities.
For our analysis, we weight the data according to
P˜BB(ηk|n, α, β) with different α and β and analyze the
minimal eigenvalues e
(8)
atm. The results for this family of
distributions are given in Fig. 7. We use the signed signif-
icance of the minimal eigenvalues, i.e., the ratio between
the minimal eigenvalue and its error bar, e
(8)
atm/∆e
(8)
atm, as
a figure of merit. This quantity is non-negative for clas-
sical states. For a wide range of parameters, we identify
regions for which we can certify nonclassicality (orange-
red) for the channel described by P˜BB(ηk|n, α, β). There
are also regions for which the nonclassicality is fully de-
graded (green-blue) by the channel.
The analysis of such a general probability mass func-
tion demonstrates the general applicability of our ap-
proach. It also shows that our method is not restricted
to already known PDTs. In fact, we can test in this way
any loss scenario which is described by a PDT that might
be derived in the future and which covers various forms
of atmospheric conditions.
VI. CONCLUSION
We introduced and implemented a method to simu-
late general fluctuating loss channels for modeling vari-
ous atmospheric conditions in well-controlled laboratory
experiments. We use measurements with discrete, con-
stant losses and a subsequent weighting and merging of
the data according to different atmospheric loss chan-
nels. We formulated a mathematical framework for this
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FIG. 7. (Color online) Nonclassicality analysis for the general
family of beta-binomial distributions. We plot the signed sig-
nificance of the minimal eigenvalue, e
(8)
atm/∆e
(8)
atm, as a function
of the parameters α and β. White areas indicate insignificant
results, whereas a green-blue and orange-red tone represent
classical and nonclassical features, respectively.
approach and evaluated relative errors in the discretiza-
tion routine.
We applied our approach to measured data of non-
classical light from an on-chip integrated source. The
resulting quantum light was detected by a state-of-the-
art click counting device. The nontrivial impact of the
atmosphere on the nonclassicality was studied. Further,
we could demonstrate the practicability of this proce-
dure for various atmospheric loss conditions covering the
ranges of weak and strong turbulence. This included the
analysis of a post-selection protocol. Beyond that, we
also directly demonstrated the general applicability by
simulation of a whole family of probability distributions.
We want to emphasize that the proposed laboratory-
based simulation of atmospheric channels is not limited
to particular detection schemes. It can be adapted to
other kind of measurements, such as homodyne detec-
tion. Furthermore, the accuracy can be improved by
increasing the number of measurements with constant
transmission coefficients, which corresponds to a finer
sampling of the probability distribution of the atmo-
spheric transmittance. Finally, one could also include
other noise effects, such as dephasing, in order to ac-
count for other possible disturbances. Again, the latter
can be achieved via constant modifications of the phase
and a subsequent mixing of the resulting data accord-
ing to a given dephasing model. Thus, we believe that
our approach is an versatile tool to assist the develop-
ment of atmospheric quantum optics and, in particular,
to predict the success of quantum key distribution via
free-space links.
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